The transmission properties of a one-dimensional defective photonic crystal have been investigated using the transfer matrix method. A layer of graphene-based hyperbolic metamaterial whose optical axis is tilted with respect to the interface is taken as a defect. It is shown that two kinds of the defect modes can be found in the band gaps of the structure for TM-polarized waves. One kind is created at the frequency range in which the principle elements of the effective permittivity tensor of the defect layer have the same signs. The frequency of this kind of defect mode is independent from the orientation of the optical axis of the defect layer. The other one is created at the hyperbolic dispersion frequency range. Such a defect mode appears due to the anisotropic behavior of the defect layer and its frequency strongly depends on the orientation of the optical axis. Unlike the conventional defect modes, the magnetic field of this defect mode is localized around the defect layer.
INTRODUCTION
Metamaterials (MMs), artificially designed composites, have attracted considerable attention of researchers because of their unconventional optical properties, such as negative refraction, reversed Cherenkov radiation, imaging hyperlens, cloaking, and so on [1] [2] [3] [4] . In recent years, an important class of anisotropic MMs, so-called hyperbolic metamaterials (HMMs), have been extensively studied [5] [6] [7] [8] [9] . HMMs, namely media possessing the hyperbolic shape of the isofrequency contours, are structures for which the axial and tangential components of the permittivity tensor have opposite signs [5] . Many fascinating phenomena that are difficult to realize by naturally existing substances, such as all-angle zero reflection [6] , allangle cancellation of transmission [7] , and all-direction pulse compression [8] , can be achieved by HMMs due to their exotic physical behavior. The realization of HMMs have been recently investigated by adopting MMs with subwavelength metal-dielectric multilayers or metallic nanowires embedded into a dielectric matrix [9] [10] [11] . But the performance of the HMMs realized by such structures is hampered by the existence of high metallic losses and lack of tunability properties. Tunability and the switching properties of HMMs are essential features in order to extend their applications in many fields.
To overcome these problems, one can use a gain medium or materials with low loss and externally tunable optical parameters. Liquid crystals, gyromagnetic dielectric layered structures with magnetic control, have been used in this regard [12, 13] . For example, Li et al. have presented a switchable HMM with magnetic control using a periodic stacking of dielectric and gyromagnetic layers [12] . They found that the dispersion relation of the structure is able to be switched between hyperbolicity and ellipticity with the control of an external dc magnetic field. Madani et al. have studied a HMM composed of graphene-liquid crystal periodic layers [13] . The authors investigated the possibility of switching between elliptic and hyperbolic dispersions via controlling of the parameters such as temperature, reorientation of the LC molecules, and external electric field. Also, Rizza et al. have proposed an infrared-driven hyperbolic metamaterial made of alternating semiconductor and dielectric layers to achieve active and spatial filtering of the THz radiation [14] . They have shown that the THz response of the resulting hyperbolic medium can be tuned by an auxiliary infrared field. Besides, the dissipative loss of the reported HMMs is naturally lower than the metallic structures in the related frequency ranges.
Graphene, a type of gapless semiconductor, is a single twodimensional plane of carbon atoms arranged in a honeycomb lattice [15] . Since its experimental discovery [16] , graphene has attracted tremendous attention due to its remarkable physical properties, including high mobility of carriers, robustness, flexibility, and extraordinary electrical properties [17, 18] . Importantly, the optical characteristics of the graphene are described by the frequency-dependent surface conductivity. It can be effectively tuned in wide limits by controlling the Fermi level or the chemical potential via an external gate voltage [19] . The possibility of tuning the conductivity, which is a superior characteristic of the graphene, is the most important advantage of graphene over the metal layers. Besides, the attenuation of the graphene is dramatically small in comparison with usual metals at the frequency ranges of THz and far-IR. Due to these unique properties, graphene has become a suitable option for realizing HMM and photonic devices.
In recent years, considerable attention has been directed to the study of the optical properties and the applications of the graphene-based HMMs (GHMMs). A novel implementation of the GHMM is composed of stacked graphene sheets separated by host dielectric slabs [20] [21] [22] [23] [24] [25] . In this regard, Iorsh et al. [20] revealed that such graphene-based structures can demonstrate a giant Purcell effect which can be used for boosting the THz emission in semiconductor devices. Othman et al. [21] demonstrated that this structure can be used as a superabsorber in the near field. Also, they indicated the possibility of tuning wavevector dispersion characteristics of the proposed GHMM by using external electric and magnetic fields. A graphene-based hyperlens for THz radiation has been proposed by Andryieuski et al. using a graphene-dielectric multilayered stack [25] . In addition, many papers have focused on enhancing the absorption of GHMMs in the THz and mid-IR frequency ranges [22, 23, 26] .
On the other hand, one-dimensional photonic crystals (1D PCs), as artificial materials with a periodic modulation of the refractive index in 1D, have been considered as one of the major research topics due to their unique electromagnetic properties [27] . PCs are able to create a range of forbidden frequencies known as the photonic band gap (PBG). Breaking of the periodicity by introducing an irregular region or a defect layer in the periodic structure results in a narrow transmission spectral line in the PBG, which is called a defect mode. The appearance of the defect mode as a narrow transmission peak within the PBG is due to the strong confinement of the electromagnetic field distribution in the proximity of the defect layer. This phenomenon makes defective PCs attractive for various technology applications, such as the design of narrowband transmission filters [28] , low threshold lasers [29] , and optical communication technologies. Quite recently, the authors proposed a defective 1D PC containing graphene nanolayers which could be used as a tunable narrowband THz filter [30] . In the mentioned paper, some interesting peculiarities of the defect modes are investigated and it is shown that the structure can support a defect mode at the grapheneinduced PBG for very wide defect layers. So, we expect to see new peculiarities in the PCs with a defect layer composed of GHMM.
Therefore, in the present paper, we are interested to investigate the influence of a defect layer which is constructed from dielectric layers and graphene nanolayers on the transmission of the PC. The optical response of the defect layer is described in terms of the effective medium approximation (EMA). The influence of the orientation of the optical axis of the defect layer on the PBGs and also the defect modes of the 1D PC are analyzed by using the well-known transfer matrix method. It is found that the transmission of the structure is strongly sensitive to the orientation of the optical axis of the defect layer for the TM-polarized waves, which is in contrast to the case of the TE-polarized waves. Moreover, a new type of defect mode is found in the band gaps of the structure which is distinct from the conventional Bragg defect mode. This defect mode is created due to the anisotropic behavior of the defect layer. Unlike the conventional defect modes, the magnetic field of such a defect mode is localized around the defect layer. In Section 2, we present the model and the basic theory to investigate the transmission properties of the proposed structure. The general calculated results and their analysis are presented in Section 3. In Section 4, we summarize the obtained results. Since the relative permittivity of the graphene nanolayer is different for the electrical field perpendicular and parallel to the graphene plane [31] , the effective relative permittivity of the graphene nanolayer is given by ϵ 0 G diagϵ
THEORETICAL MODEL AND FORMULISM
G 1 are in-plane and out-of-plane components, respectively [32] . Here, η 0 is the impedance of air, k 0 2π λ is the vacuum wave vector, and σ G is the surface conductivity of graphene which can be calculated according to the Kubo formula [33] including the intraband and interband transition contributions as
where e is the charge of the electron, T is the absolute temperature, k B is the Boltzmann constant, and μ c is the chemical potential which can be tuned through electrical or chemical modification of the charge carrier density. The geometric model shown in Fig. 1(b) represents the GHMM defect layer, with an optical axis, tilted with respect to the interface of the layers. In our model, d G 0.335 nm and d S 150 nm, which are considerably less than the working wavelength. Therefore, the defect layer can be approximated by a homogeneous effective anisotropic medium [21, 24] . Applying EMA, the anisotropic permittivity tensor of the defect layer in the principal coordinate system
Here, ϵ 0 ‖ and ϵ 0 ⊥ are the parallel and perpendicular components of the relative permittivity with respect to the interface of the graphene nanolayers, respectively.
are the filling factors of the graphene nanolayers and dielectric layers, respectively. It is assumed that the GHMM defect layer is nonmagnetic with the unit permeability.
The structure is illuminated with a TM-polarized plane wave (which has a magnetic field parallel to the y axis) at the incident angle θ with respect to the z axis. All the layers of the PC are parallel to the x-y plane and the z axis is normal to the interfaces of the layers. It is assumed that the optical axis of the defect layer is in the x-z plane and is tilted by the angle φ with respect to the z axis. So, the permittivity tensor of the defect layer in the coordinate system xyz becomes nondiagonal and is given by [34, 35] :
where
Inserting Eq. (4) into the Maxwell equations, one can show that the magnetic field H H y ze ik x x−ωtê y inside the defect layer satisfies the wave equation
where k x ω∕c sin θ. The electric field component can be determined easily, according to the Maxwell equations. Exploiting the continuity condition of the tangential components of the electric and the magnetic fields and introducing a two-component wave function as
the magnetic and the electric fields at any two positions z and z Δz in the same layer can be related via the following relation:
Here, M D is the transfer matrix of the anisotropic GHMM defect layer, which can be obtained using a simple algebraic derivation:
where α 1
, and
Similarly, for the isotropic layers A and B, the transfer matrices can be obtained:
Here, k j z ω c ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi ϵ j − sin 2 θ q is the z component of the wave vector in the jth layer, and q j k j z ∕ωϵ 0 ϵ j where ϵ 0 is the permittivity of the vacuum. By means of the transfer matrix method [36] , the transmission coefficient of the whole structure is obtained as
where M 1; 1 is the element (1, 1) of the total transfer matrix
For the TE waves, the wave equation in the GHMM defect layer can be obtained similarly as
and the other parameters are obtained by the solving above equation.
RESULTS AND DISCUSSION
In this section, we numerically study the transmission properties of the 1D PC containing the GHMM defect layer with the structure AB N DBA N at the frequency range of 0-20 THz. The loss of graphene is very low at the frequency interval of our interest. In the numerical calculations, the dielectric layers A, B
Research Article are considered to be silicon dioxide and polyethylene with ϵ A 4, ϵ B 2.25 and d A 2.75 μm, d B 3 .75 μm, respectively. The period number of the structure is taken to be N 7, so the total number of layers is 15, including the defect layer. We assume that the GHMM defect layer D with d D 2.75 μm is constructed from the silicone dioxide dielectric layers with ϵ S 4, d S 150 nm, and graphene nanolayers. So, the repeat number n G of the graphene nanolayers in the defect layer is 18. Also, the chemical potential and the absolute temperature are taken to be μ c 0.25 eV, T 300 K, respectively. Experimentally, the GHMM may be fabricated through the following procedure. Using thermal evaporation, the dielectric layer is first coated on a silica substrate. Then, the high-quality graphene nanolayers, which are achievable by the chemical vapor deposition (CVD) method, are transferred onto the dielectric layer. Finally, the multilayer structure of GHMM is realized by repetitive dielectric deposition and graphene transfer [20, 37, 38] . Quite recently, realization of mid-infrared GHMMs composed of five periods of alternating graphene and Al 2 O 3 layers has been reported by Chang et al. [39] .
We first investigate the effective relative permittivity of the defect layer which is constructed from the graphenedielectric multilayer. Since the graphene nanolayer is infinitesimally thin compared with the dielectric layer (d G ≪ d S ), the perpendicular and tangential components of the effective permittivity tensor of the defect layer can be considered as ϵ has a positive real part [32, 40] . So, the defect layer of our structure may be regarded as a GHMM. In order to investigate the effect of the geometrical and optical properties of the graphene and dielectric layers on the effective permittivity of the defect layer, Re ϵ 0 ‖ is plotted as a function of the operating frequency in Fig. 3(a) These results may be provided as theoretical instructions for tunable applications of GHMM defect under suitable choice of the μ c and d S in optoelectronics. Equation (4) shows that the permittivity tensor of the defect layer depends on the parameter φ, which is the angle between the optical axis and the z axis and takes a diagonal form in the coordinate system (xyz) for φ 0. Therefore, the transmission properties of the proposed structure may depend on the orientation of the optical axis. In Fig. 4 , the transmission spectra of the structure AB N DBA N are shown with the solid line for different values of φ;
, and (i) φ 90°at the normal incidence. Here, we considered the TM-polarization with μ c 0.25 eV and d S 150 nm. From Fig. 4(a) one can see that the structure contains two band gaps in the case of φ 0. The first band gap exists at low THz frequencies where the defect layer has hyperbolic dispersion properties and the second band gap is found in the frequency range of 11.5-15 THz, where the principle components of the effective permittivity tensor of the defect layer have the same signs. In order to explain the origin of these band gaps, we plotted the transmission of the same structure in the absence of graphene nanolayers (i.e., σ G 0 and ϵ 0 ⊥ ϵ 0 ‖ ϵ S ), as shown in Fig. 4 (see the dashed lines) . Comparing the transmission spectra reveals that the first band gap is created due to the presence of the graphene lattice in the GHMM defect layer, while the second band gap is a conventional Bragg gap of the dielectric lattice. As it is clear from Fig. 4(a) , the second band gap contains a defect mode which we call the high-frequency (HF) defect mode. However, there is no defect mode in the first band gap of the structure for the selected parameters [see Fig. 4(a) ]. As Figs. 4(b)-4(d) show, by increasing φ, a defect mode is created in the first band gap as well, which we call the low-frequency (LF) defect mode. Since the first band gap and the frequency of the LF defect mode slightly blue-shifted by increasing φ, we think this defect mode may be the result of the anisotropy of the GHMM defect layer. Moreover, the frequency of the HF defect mode slightly depends on the parameter φ. By further increasing the tilting angle φ due to decreasing effective number of the graphene nanolayers, the first band gap and its corresponding defect mode disappear [see Figs. 4(e)-4(i)]. Also, the HF defect mode shifts to the lower band edge of the second gap, and it finally washed out when φ 90°. Experimentally, the GHMM may be grown on an appropriate substrate and then cut and oriented so that its optical axis makes the desired angle φ with the x-y plane.
To further clarify the transmission properties of the proposed structure, the transmission spectra of the structure are plotted in the plane of φ; f at the normal incidence for the TE-polarized (left panel) and the TM-polarized waves (right panel) in Fig. 5 . In the used coordinate system, it is obvious that the transmission of the TE-polarized wave depends only on the parameter ϵ 0 ‖ and it is independent from the tilting angle φ. The transmission of the TM-polarized wave depends not only on the parameters ϵ 0 ‖ , ϵ 0 ⊥ , but also on the tilting angle φ. So, as shown in Fig. 5 due to the isotropic type behavior of the structure at normal incidence for φ 0, there is no distinct difference between the transmission of the structure for the TE-and TM-polarized waves at the normal incidence. For the other orientations of the optical axis (φ ≠ 0), this similarity vanishes due to the anisotropy of the structure. As it is clear from Fig. 5 , like the TM case, there are two band gaps in the TE-polarized transmission spectrum of the structure. The low frequency band gap of the TE case is independent from the orientation of the optical axis of the anisotropic GHMM defect layer. Moreover, it does not contain a defect mode for any value of φ. However, the high frequency TE-polarized band gap has a defect mode (HF defect mode) in which its frequency is independent from the value of φ. Since the lower band gap of the structure does not contain any TE-polarized defect modes, we call the TMpolarized defect mode of the lower band gap an anisotropyinduced defect mode. Because the transmission of the structure for TE waves is insensitive to the parameter φ, going forward we consider only the transmission properties of the TMpolarized wave. Now, we investigate the dependence of the TM-polarized defect modes on the incident angle for different angles of φ. Figure 6 shows the frequency of the defect modes versus the incident angle θ for two different tilting angles, ϕ 5°and φ 15°. As Fig. 6 reveals, the frequency of the anisotropyinduced LF defect modes is nearly independent from the incident angle θ, which is in contrast to the case of the HF defect modes.
As one knows, the optical properties of the graphene nanolayer depend on its surface conductivity, which can be varied by 
, and (i) φ 90°. Here, the transmission spectra of the structure without the graphene nanolayers are plotted (see the dashed lines) for comparison.
tuning the chemical potential. Therefore, changing the chemical potential of the graphene nanolayer via an external gate voltage may offer tunability and control of the transmission spectrum. In the experimental realization, this voltage may be provided by electrodes which are THz-transparent dc conductors, such as thin-doped InSb films [20] . To show the effect of the chemical potential, the transmission spectrum of the structure is plotted in the plane of μ c ; f at the normal incidence with φ 5°for the TM-polarized waves in Fig. 7 . The figure clearly indicates that the frequency of the anisotropy-induced LF defect mode slightly depends on the chemical potential of the graphene nanolayer. However, the HF defect mode experiences a considerable blue shift by increasing the chemical potential of the graphene nanolayers.
To further clarify the other difference between the LF and HF defect modes, we want to compare the spatial distribution of the normalized transverse magnetic and electric field intensities of the TM-polarized defect modes. To do this, the normalized transverse electric and magnetic field intensities of the LF defect mode (solid lines) and the HF defect mode (dashed lines) are plotted as functions of z at the normal incidence in Fig. 8 . Here, the frequencies of the LF and HF defect modes are considered f 0.86 THz and 12.65 THz, respectively, with the tilting angle φ 5°and the chemical potential μ c 0.25 eV. As it is clear from Fig. 8 , the electric and magnetic fields of the HF defect mode are localized at or around the defect layer with an oscillatory behavior in the dielectric lattice, which is the usual manner of the defect modes (see the dashed lines). On the contrary, the electric field of the LF defect mode reaches its minimum value in the GHMM defect layer without the conventional oscillatory behavior [see the solid line in Fig. 8(a) ], while the magnetic field of the LF defect mode is strongly localized at the defect layer [see the solid line in Fig. 8(b) ]. This behavior may be due to the negative tangential component of the effective permittivity of the GHMM defect layer. To the best of our knowledge, this is a new behavior and may have potential applications on magnetically nonlinear phenomena.
For the sake of completeness, we want to investigate the effect of the repeat number of the graphene nanolayers on the transmission spectra of the structure. The transmission spectra of the structure AB 7 DBA 7 are plotted in Fig. 9 for three different repeat numbers, n G , of the graphene nanolayers. Here, d D 2.75 μm, θ 0, φ 5°; (a) n G 18, d S 150 nm; (b) n G 9, d S 300 nm; and (c) n G 5, d S 500 nm. As it is seen from Fig. 9 , by decreasing the repeat number of the graphene nanolayers, the defect modes become slightly red-shifted. However, their other mentioned properties remain unchanged. Fig. 7 . Transmission spectrum of the 1D PC containing the GHMM defect layer in the plane of μ c ; f for TM-polarized waves at the normal incidence. 
CONCLUSION
In conclusion, the transmission properties of a 1D PC containing a defect layer which is composed of stacked graphene nanolayers separated by subwavelength dielectric layers, have been analyzed in THz region. The analysis is performed by the transfer matrix method and the effective medium theory. Besides the conventional defect mode, the structure can support a new type of defect mode which is created due to the anisotropy of the defect layer. This defect mode is created at the hyperbolic dispersion frequency interval of the defect layer. The frequency of such a defect mode strongly depends on the orientation of the optical axis of the defect layer, while it depends only slightly on the chemical potential of the graphene and may be tuned somewhat by the application of a gate voltage. Moreover, the electric field distribution of this new defect mode has its minimum at the defect layer and its magnetic field intensity is localized at the defect layer. Such properties may lead to further applications of the 1D PCs with GHMM defect layers.
